SUMMARY Systolic time intervals (STI) were measured in ten healthy male volunteers before and after intravenous (i.v.) administration of 25 ,g/kg delta-9-tetrahydrocannabinol (A-9-THC). Mean ± SEM heart rate increased 32 ± 7 beats/min, while systolic and diastolic blood pressures were unchanged after lv-9-THC. Total electromechanical systole lengthened 17 ± 4.2 msec, left ventricular ejection time (LVETC) prolonged 24 ± 4.0 msec and pre-ejection period (PEP) shortened 17 ± 5.1 msec after A-9-THC. All these changes were significant (P < 0.01). In nine other subjects who underwent prior beta adrenergic blockade, THE USE OF MARIJUANA is quite common among young adults in the United States. The exact prevalence varies according to geographical location, age, and education level, but a conservative estimate of prevalence of marijuana use among college age youths is approximately 25%.1 Despite this widespread use of marijuana, relatively few studies of the physiological effects, especially the cardiovascular effects, of marijuana in man have been published.
THC/ml. The dose administered was 25tg/kg, which for a 75-80 kg person would deliver a dose of A-9-THC approximately equivalent to smoking one marijuana cigarette containing 5 mg A-9-THC. 7 All subjects were normal male volunteers between the ages of 22 and 30. Prerequisites for admission to the study were a negative history of cardiovascular disease, a normal physical examination of the cardiovascular system, a normal electrocardiogram (ECG), a normal chest X-ray, a satisfactory score on the Millon Illinois self-report inventory which screens for psychotic potential, and frequency of marijuana use less than once per week. Three of the subjects had never used cannabis. All subjects gave written informed consent. The experimental protocol was approved by the Human Investigation Committee of the University of Illinois.
Protocol
The subjects were studied in the basal fasting state in the supine position. A bipolar electrocardiographic lead was obtained across the anterior thorax with the negative electrode in the second intercostal space at the right mid clavicular line and the positive electrode in the fifth intercostal space at the left anterior axillary line. A contact microphone was placed over the third intercostal space at the left sternal border and was strapped firmly to the chest. The indirect carotid pulse tracing was obtained with a pulse pick-up held manually over the right carotid artery in the neck and connected to a modified amplifier channel of the Electronics for Medicine recorder. The time constant of the pulse recording system used was 1.5 sec, which has been shown to be adequate for recordings with no significant time phase shifts and distortion.8 The electrocardiogram, phonocardiogram, and indirect carotid pulse tracings were recorded simultaneously at 100 mm/sec paper speed with 20 msec time lines on an Electronics for Medicine multichannel photographic recorder. The arterial pressure was measured with a cuff sphygmomanometer on the right arm.
A 21-gauge scalp vein needle was inserted into a vein on the dorsum of the left hand and 5% dextrose in water solution allowed to drip through plastic tubing which had an in- Patient  CON  THC  CON  THC  CON  THC  CON  THC  CON  TIIC  CON  THC   1  58  75  110  110  78  80  564  574  128  114  413  430  2  64  100  120  122  70  72  545  567  100  95  413  432  3  63  78  118  128  65  64  544  561  112  104  408  426  4  62  84   139  1.50  90  90  547  557  111  105)  411  420  5  57  71  124  120  74  68  548  558  121  116  404  414  6  65  92  113  1 3,4  73  88  538  559  107  84  406  438  7  71  152  112  132  72  72  55o0  596  112  79  409  456  8  61  106  119  142  84  98  557  566  123  76  409  447  9  56  77  129  124  90  84  530  558  113  101  395  423  10  63  112  116  110  70  60  545  .546  110  71  409  430  Mean  62  95  120 jection site out of sight of the subjects; thus medication was injected without the subjects knowing the time of injection. All studies were carried out in a quiet room with subdued lighting. Total electromechanical systole or QS2 interval was measured from the onset of the Q wave of the electrocardiogram to the first high frequency component of the second heart sound. Left ventricular ejection time (LVET) was measured from the onset of the rapid rise of the carotid pulse tracing to the trough of its incisura. The pre-ejection period (PEP) was obtained by subtracting the LVET from the QS2 interval. All intervals were determined as the average of measurements of ten consecutive beats, each read to the nearest 5 msec. Heart rate was derived by dividing the average R-R interval into 60. The LVET and QS2 intervals were corrected for the effects of heart rate by using the regression equations developed by Weissler9 and will be referred to as LVETC and Q2c. The pre-ejection period was not corrected for heart rate because of previous studies with right atrial pacing and atropine showing that changes in heart rate by themselves do not alter the pre-ejection period.'0 'i After a 15-minute rest period, three sets of recordings and measurements of systolic time intervals and arterial blood pressure were obtained at five-minute intervals. The average of these is reported as control measurements. In ten subjects (group A), A-9-THC was then administered at a rate of I mg/min through the tubing of the i.v. infusion set. Systolic time intervals and arterial blood pressure were recorded at 5, 10, 15, 30, 60, 90, and 120 minutes after drug administration. If a striking change in heart rate was noted on the heart rate meter at times other than the standard recording intervals, additional measurements were made. This occurred only twice.
In nine other age-matched subjects (group B), 0.1 mg/kg propranolol was injected intravenously after resting control measurements which were repeated 5, 6, and 7 minutes after completion of the propranolol injection. A-9-THC was then administered and post A-9-THC measurements of systolic time intervals and blood pressure obtained similar to group A.
In eight subjects receiving propranolol, adequacy of beta adrenergic blockade was demonstrated at the termination of the study by infusion of isoproterenol at a rate of 2.5 ,g/min for five minutes, without demonstrable effect on heart rate.
Control values for systolic time intervals and blood pressure (group A) and post-propranolol values (group B) were compared to peak responses after A-9-THC, using standard statistical methods.
Results
The time course of action of A-9-THC in subject 8 (table  1) is shown in figure 1. Peak changes in systolic time intervals coincided with peak changes in heart rate. In all cases, peak effects of A-9-THC occurred between 5 and 25 2 100 a. minutes. The total duration of action, as determined by heart rate, was variable. Return to control heart rates occurred from 30 to 120 minutes (mean 90 min) after A-9-THC administration. Table 1 lists heart rate, blood pressure, and STI of the ten subjects before and after A\-9-THC administration. Control values reflect the mean of three sets of determinations. Mean ± SEM changes in heart rate and blood pressure in the non-beta adrenergic blocked subjects receiving t-9-THC are illustrated in figure 2. Mean heart rate increased 32 + 7 beats/min (BPM) (P < 0.001), while systolic and diastolic pressures did not change significantly after drug administration. Mean STI before and after A-9-THC are illustrated in figure 3 . Mean Q2c lengthened 17 ± 4.2 msec. Mean LVETC lengthened 24 ± 4.0 msec and PEP shortened 19 ± 5.1 msec. All these changes were significant at the 1% level or less. Table 2 lists heart rate, blood pressure, and STI in the nine subjects with beta adrenergic blockade before A-9-THC administration. Determinations represent the mean of three sets of resting values obtained five, six and seven minutes after propranolol administration. The post A-9-THC values are again peak responses. The effects of propranolol on mean heart rate, blood pressure and selected STI are illustrated in figure 4 . As expected, propranolol caused slight but significant decreases in heart rate and systolic blood pressure, and increases in QS2 and PEP. The change in LVETC after propranolol was not significant.
The effects of A-9-THC on mean heart rate and blood pressure in the beta adrenergic blocked subjects are illustrated in figure 5 . The heart rate increase after A-9-THC was 19 ± 1.8 BPM, (P < 0.001), while the effects on blood pressures were insignificant. The effects of A-9-THC on mean STI in the beta adrenergic blocked subjects are illustrated in figure 6 of 15 ± 3.8 msec and 14 ± 3.4 msec, respectively (P <0.001 and < 0.01). PEP shortened only 7 msec (NS). Figure 7 compares the changes in heart rates and STI after A-9-THC in subjects with and without prior beta adrenergic blockade. The directional changes in heart rate, Q2c, PEP, and LVETC after A-9-THC were not altered by beta adrenergic blockade although the magnitude of the changes was less in the group with prior beta adrenergic blockade. Except for the difference in PEP, these changes were not statistically different.
Discussion
At rest, the systolic time interval measurements in both groups of subjects were well within the normal range.12' 13 After beta adrenergic blockade in group B subjects, heart rate and systolic arterial blood pressure decreased slightly but significantly, while PEP and Q2, lengthened. These effects were quite consistent with the known pharmacologic actions of beta adrenergic blockade on the cardiovascular system.'4 The failure of LVETC to change significantly after propranolol was not altogether surprising. By decreasing cardiac inotropy and velocity of contraction during ejection, beta adrenergic blockade would tend to cause prolongation of LVETC. On the other hand, a simultaneous reduction in cardiac output and stroke volume would tend to shorten the ejection time. These two opposing effects may offset each other, leaving an essentially unchanged LVETC.
Intravenously administered A\-9-THC in a dose approximating that delivered by smoking one marijuana cigarette significantly increased heart rate, shortened PEP and lengthened LVETC without any change in arterial pressure or afterload. These effects became maximally evident 5-25 minutes after drug administration, suggesting, in accordance with previous studies, that the phar- . Heart rate (HR), systolic blood pressure (SBP) and diastolic blood pressure (DBP) before and after A-9-tetrahydrocannabinol in the nine beta blocked subjects.
macologically active agent was a metabolite of A-9-THC. 6 The major determinants of the systolic phases of the left ventricle have been well studied.'"'-Shortening of the preejection period may be due to an accelerated rate of rise of the left ventricular pressure during the isovolumic phase of contraction, a decrease in aortic diastolic pressure, resulting in earlier opening of the aortic valve, or an increase in left ventricular end-diastolic pressure, or a combination of these.10 In our subjects, there was no change in systolic or diastolic arterial blood pressure. An increase in left ventricular end-diastolic pressure (LVEDP) due to increase in preload is a possibility that cannot be excluded in our subjects. However, the marked shortening of the pre-ejection period suggests additional factors. It has been shown previously that at relatively constant levels of diastolic arterial pressure and cardiac performance, small alterations in LVEDP do not appreciably change the pre-ejection period or the true isovolumic contraction time.'8 Marked increases in LVEDP, when they occur, tend to reflect a deterioration in left ventricular performance; under these circumstances the PEP lengthens, due to the predominant effect of a reduced rate of force development by the left ventricle. '3 Finally, preliminary hemodynamic observations in our laboratory have shown a decrease or no change in LVEDP after A-9-THC (unpublished observations). It seems reasonable, therefore, to conclude that shortening of the preejection period after A-9-THC reflected an enhancement of cardiac performance, manifested by an increase in the rate of rise of isovolumic pressure.
When corrected for the effects of heart rate, the duration of left ventricular ejection varies directly with afterload, with venous return, stroke volume or cardiac output, and inversely with myocardial inotropy.'7 -' Thus, in any given case, the duration of left ventricular ejection is determined by the interplay of these factors.
As previously stated, our subjects showed no significant change in systolic or diastolic arterial blood pressure after A-9-THC, and were all healthy young volunteers with normal heart size. There was, therefore, no increase in afterload. With afterload remaining constant, and a directional change in PEP consistent with an increased rate of isovolumic pressure rise, the most reasonable explanation for prolongation of LVETC in our subjects is that it must be caused by an increased venous return with a concomitant increase in cardiac output and stroke volume. This increase in preload, operating through the Starling mechanism,20 could perhaps explain the enhanced cardiac performance manifested by shortening of the pre-ejection period,2' without having to postulate a direct inotropic effect of A-9-THC, for which there is no current evidence. Previous studies of the cardiovascular effects of A-9-THC have given somewhat conflicting results and are difficult to interpret.6' 22 25 This is probably due in part to differences in experimental design, species, and dose and route of A-9-THC administration. Several previous human studies are relevant to the present investigation. Beaconsfield et al.,22 investigating the effects of cannabis on human volunteers without prior marijuana experience, demonstrated marked sinus tachycardia and a pronounced increase in peripheral blood flow without change in arterial pressure. Weiss et al.,6 studying the effects of oral A-9-THC on young healthy male volunteers, also showed marked shortening of the preejection period, slight increase in mean blood pressure, increased heart rate and increased forearm blood flow, as well as forearm vascular conductance. In a letter to the editor, Goodenday and Perloff26 found in a chronic marijuana user greater heart rate and cardiac output and a greater drop in peripheral resistance during exercise after smoking two marijuana cigarettes. These and other studies6' 22 suggest decreased vascular resistance and/or increased peripheral blood flow in man after exposure to cannabis.
It has been suggested that these effects are probably mediated by increased sympathetic activity induced by A-9-THC. Thus, Bright et al.27 and Beaconsfield et al. 22 reported abolition of marijuana-induced tachycardia in man after beta adrenergic blockade. Beaconsfield gave his subjects 160 mg oral propranolol per day for 48 hours prior to marijuana smoking. Weiss et al. also showed in their study increased urinary excretion of epinephrine after A-9-THC. 6 It is therefore likely that increased sympathetic activity secondary to A-9-THC accounts for all or part of our results. This increase could reflect either reflex mechanisms secondary to decrease in peripheral resistance and/or direct central nervous system stimulation. With either of these latter mechanisms, it is possible that vagal withdrawal may 
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